II II IN II !l II II I III II I II 

(11) EP1 282 227 A2 
(12) EUROPEAN PATENT APPLICATION 

(43) Date of publication: (51) Int CI7: H03H 1 1/04 

05.02.2003 Bulletin 2003/06 

(21) Application number: 02255138.6 



(22) Date of filing: 23.07.2002 



(84) Designated Contracting States: 


(72) 


Inventor: Christensen, Kaare Tais 


AT BE BG CH CY CZ DE DK EE ES Fl FR GB GR 




1153 Copenhagen K. (DK) 


IE IT LI LU MC NL PT SE SK TR 






Designated Extension States: 


(74) 


Representative: Walaski, Jan Filip et al 


AL LT LV MK RO SI 




Venner, Shipley & Co, 






20 Little Britain 


(30) Priority: 31.07.2001 US 917704 




London EC1A 7DH (GB) 


(71 ) Applicant: Nokia Corporation 






02150 Espoo (Fl) 







(54) A tunable filter and method of tuning a filter 



(57) A bandpass filter is tuned by converting the fil- loop, sampling and holding the tuning signal and switch- 

te r into an oscillator using a negative resistance circuit, ing off the negative resistance circuit to convert the os- 

tuning the oscillator by using conventional tuning tech- cillator back into a bandpass filter, 
mqucs such as tuning a varactor via a phase locked 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



CM 
< 

CM 
CM 

CM 
00 
CM 



CL 
LU 



Printed by Jouve, 75001 PARIS (FR) 



MSDCCID: <EP 128222 7 A2_L> 



1 



EP 1 282 227 A2 



2 



Description 

Field of the Invention 

[0001] The present invention relates to tunable filters, 
particularly but not exclusively to the tuning of the center 
frequency of a bandpass filter. 

Background 

[0002] A common problem in the design of bandpass 
filters is the need to tune the center frequency. Current 
component tolerances rarely provide the required accu- 
racy, so some form of frequency tuning is inevitably re- 
quired. 

[0003] A paper presented at the 1999 IEEE Interna- 
tional Solid-State Circuits Conference: "High-Frequen- 
cy Analog Filters in Deep-Submicron CMOS Technolo- 
gy", R. Castello, I. Bietti, F. Svelto, ISBN 
0-7803-5126-6/99, describes an LC based filter using a 
master-slave frequency tuning scheme. This scheme 
uses the same reactive elements, in this case, MOS var- 
actors, in a bandpass filter acting as slave and a voltage 
controlled oscillator (VCO) acting as master. The center 
frequency of the filter is controlled by the same signal 
as the oscillator, so that when the oscillator is operating 
at a desired frequency, that frequency becomes the 
center frequency of the filter. 

[0004] The master-slave technique relies on match- 
ing two different structures, namely the filter and the 
VCO, which can only be done to an accuracy of 1 - 2 
per cent. Furthermore, the technique involves substan- 
tial additional chip area and power consumption. 
[0005] The present invention aims to address the 
above problems. 

Summary of the invention 

[0006] According to the invention, there is provided a 
method of tuning a filter, the filter being associated with 
a center frequency, comprising the steps of configuring 
said filter as an oscillator, tuning said oscillator to a de- 
sired frequency and reconfiguring said oscillator to op- 
erate as said filter with said desired frequency as said 
center frequency. 

[0007] By converting the filter itself into an oscillator 
and tuning the oscillator, few additional components are 
required, so saving on chip area and power consump- 
tion. Furthermore, by comparison with solutions in which 
the operational filter is matched to a second similar filter 
or oscillator using the same reactive components, the 
inherent limitations resulting from the matching of simi- 
lar but non-identical structures is removed. 
[0008] According to the invention, there is further pro- 
vided a tunable filter, comprising a filter circuit having a 
center frequency and a configuration circuit operable to 
configure said filter circuit as an oscillator, whereby to 
permit said oscillator to be tuned to a desired frequency, 



said configuration circuit further being operable to 
reconfigure said oscillator to operate as said fitter with 
said desired frequency as said center frequency. 
[0009] The invention also provides a tunable filter, 

5" comprising a filter circuit having a center frequency and 
means for configuring said filter circuit as an oscillator, 
whereby to permit said oscillator to be tuned to a desired 
frequency, said means further being operable to recon- 
figure said oscillator to operate as said filter with said 

10 desired frequency as said center frequency. 

[0010] The filter can be a bandpass filter or a notch 
filter. 

[0011] The invention additionally provides a method 
of tuning a filter, said filter comprising reactive compo- 
15 nents which determine a resonant frequency of the filter, 
said method comprising the steps of configuring the filter 
as an oscillator and tuning at least one of said reactive 
components while the filter is configured as said oscil- 
lator. 

20 [0012] According to the invention, there is yet further 
provided a programmable filter comprising a filter circuit, 
a compensation circuit and a memory for storing at least 
one digital word, wherein the compensation circuit is op- 
erable to configure said filter circuit as an oscillator, 

25 whereby to permit said oscillator to be tuned to at least 
one desired frequency in accordance with a tuning sig- 
nal, said tuning signal being derived from said at least 
one digital word , said compensation circuit further being 
operable to reconfigure said oscillator to operate as said 

30 filter after tuning. 

[0013] By storing a plurality of digital words in the 
memory, each representing a different center frequency 
for a bandpass filter, the filter can be quickly pro- 
grammed to operate at different frequencies depending 

35 on operational requirements. 

Brief Description of the Drawings 

[0014] Embodiments of the invention will now be de- 
40 scribed, by way of example, with reference to the ac- 
companying drawings, in which: 

Figure 1 illustrates a conventional LC tank circuit 
comprising a capacitor and an inductor in parallel; 
45 Figure 2 shows the equivalent circuit diagram for 
the LC tank of Figure 1a, illustrating the presence 
of a parasitic resistance; 

Figure 3 illustrates an equivalent circuit in which the 
parasitic resistance is compensated for by a nega- 
te tive resistance; 

Figure 4 shows an example of a negative resistance 
circuit; 

Figure 5 illustrates the frequency response of a 
bandpass filter; 
55 Figure 6 illustrates a tunable filter circuit according 
to an example of the invention; 
Figure 7 is a flow diagram illustrating the operation 
of the circuit of Figure 6; 
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Figure 8a illustrates a tank circuit in which a variable 
capacitor acts as the frequency tuning element; 
Figure 8b illustrates a MOS varactorfor implement- 
ing the variable capacitor of Figure 8a; 
Figure 8c illustrates a diode varactor for implement- 
ing the variable capacitor of Figure 8a; 
Figure 8d illustrates a Miller capacitance arrange- 
ment for implementing the variable capacitor of Fig- 
ure 8a; 

Figure 9a illustrates a tank circuit in which a variable 
inductor acts as the frequency tuning element; 
Figure 9b illustrates a current feedback arrange- 
ment for implementing the variable inductor of Fig- 
ure 9a; 

Figure 10a illustrates a binary weighted switched 
capacitor bank for implementing the variable capac- 
itor of Figure 8a; 

Figure 1 0b illustrates a binary weighted switched in- 
ductor bank for implementing the variable inductor 
of Figure 9a; 

Figure 11 illustrates a radio frequency circuit in a 
direct conversion receiver using a tuning arrange- 
ment according to the invention; 
Figure 12 illustrates a tuning arrangement using 
DSP controlled tuning; and 

Figure 1 3 is a schematic diagram of a programma- 
ble tunable filter. 

Detailed Description 

[0015] Figure 1 shows a conventional tank circuit 1 
having a capacitor 2 and an inductor 3 in parallel. In the 
ideal tank circuit shown, excited by a source 4, energy 
flows back and forth between the capacitor and the in- 
ductor with no losses, the resonant frequency f 0 of the 
circuit being given by the equation: 

f 0 = 1/2tW(LC) 

[0016] However, in a practical LC tank circuit, energy 
is lost due to parasitic resistance in the capacitor and 
the inductor, which can be modelled as a parallel resist- 
ance R P 5 in the equivalent circuit shown in Figure 2. 
[0017] An active circuit can be constructed, using 
transistors, which exhibits opposite behaviour to that of 
a resistor. Such a circuit is referred to herein as a loss 
compensation or negative resistance circuit and can be 
modelled as -R N 6 in the equivalent circuit shown in Fig- 
ure 3. 

[0018] An example loss compensation/negative re- 
sistance arrangement -R N 6 using a cross-coupled tran- 
sistor pair M1 , M2 with tail-current (I) biasing, is illustrat- 
ed in Figure 4. 

[0019] Referring again to Figure 3, when R N = R P , the 
two resistors in parallel provide an effective open circuit, 
so that the negative resistance compensates for the en- 
ergy losses in the tank circuit, causing the circuit to be- 



have as an oscillator. If R P is not entirely compensated 
for, the tank circuit 1 has losses and acts as a bandpass 
filter, the frequency response of which is shown in Figure 
5, illustrating that the filter has a center frequency f 0 , 
5 which can be shown to be the same as the resonant 
frequency of the tank circuit. 

[0020] Referring to Figure 6, a tunable filter arrange- 
ment in accordance with the invention comprises a tun- 
able filter 10 including an LC tank together with a com- 

10 pensation circuit 1 1 , for example a negative resistance 
circuit. The filter 10 receives an inpuLsignal S via an 
isolator 12, for example a switch for isolating the filter 
10 from the input signal. Both the isolator 12 and com- 
pensation circuit 1 1 receive a tuning control signal. The 

*5 output of the filter 1 0 is connected to a frequency com- 
parator 1 3 which produces a tuning signal which adjusts 
the resonant frequency of the filter circuit 1 0. A sample 
and hold circuit 14 is arranged to store the tuning signal 
once the desired frequency is achieved. The operation 

20 of the system of Figure 6 will now be described in detail 
with reference to Figure 7. 

[0021] Referring to Figure 7, when a tuning cycle is to 
commence, a tuning control signal is set (step s1) to iso- 
late the filter 1 0 from the input signal S via the isolator 

25 1 2 (step s2) and to activate the compensation circuit 11 
(step s3), so converting the filter 10 into an oscillator. 
The oscillator 1 0 then oscillates at the resonant frequen- 
cy set by the tank circuit's reactive components. The 
output of the tunable filter circuit acting as an oscillator 

30 10 is fed to the frequency comparator circuit 13 (step 
s4). This compares the output frequency with a desired 
or reference frequency (step s5) and outputs a tuning 
signal to alter the resonant frequency of the filter 1 0 to- 
wards the desired frequency (step s6). The resonant f re- 

35 quency is tuned by any one of a number of techniques 
which will be described below, usually involving the use 
of the tuning signal to alter a tunable element such as 
the capacitance of the tank circuit. Once the desired res- 
onant frequency has been achieved, the tuning signal 

40 is sampled in the analog or digital domain and held so 
that it can be continuously applied to the tunable ele- 
ment (step s7). The tuning control signal is then re- 
leased (step s8), resulting in deactivation of the com- 
pensation circuit 12 (step s9), so turning the oscillator 

45 back into a bandpass filter 1 0. The release of the tuning 
control signal also causes the input signal to the band- 
pass filter 10 to be restored (step s10). 
[0022] Tuning of the filter/oscillator 10 can be 
achieved in a number of ways. Some of the many pos- 

50 sible arrangements are illustrated in Figure 8. Figure 8a 
illustrates a basic tank circuit in which a variable capac- 
itor 15 acts as the frequency tuning element. The vari- 
able capacitor can be implemented as a MOS varactor, 
as shown in Figure 8b, or as a diode varactor shown in 

55 Figure 8c. An alternative to varactor tuning is to provide 
active circuitry to provide feedback. For example, Figure 
8d illustrates the well-known Miller capacitance ar- 
rangement which uses negative feedback to alter the 
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effective value of a linear capacitor. 
[0023] In an alternative embodiment the inductor 16 
in the tank circuit can be the tunable element, as illus- 
trated in Figure 9a. A variable inductor can be imple- 
mented by the current feedback arrangement shown in 
Figure 9b, by analogy with the Miller capacitance shown 
in Figure 8d. 

[0024] As an alternative to the tunable element ar- 
rangements shown in Figures 8 and 9, tuning can be 
implemented by switching passive elements such as ca- 
pacitors and inductors in or out of an LC circuit. Figure 
10a illustrates a binary weighted switched capacitor 
bank and Figure 10b illustrates a binary weighted 
switched inductor bank. By switching one or more com- 
ponents in or out of the filter circuit under the control of 
the tuning signal V ctr)l a desired frequency range can be 
covered with a resolution set by the smallest unit ele- 
ment. 

[0025] Figures 11 and 12 illustrate two systems which 
use existing circuitry in an RF receiver to simplify the 
tuning system according to the invention. Figure 11 il- 
lustrates a radio frequency circuit in a direct conversion 
receiver 20, implemented for example by an application 
specific integrated circuit (ASIC). The circuit includes an 
RF receiver chain comprising a low noise amplifier LNA 
21 . a bandpass filter 22, a mixer 23, a lowpass filter LPF 
2£ and an analog-to-digital A/D converter 25. The mixer 
25 receives an input from a frequency synthesiser 26. 
As described in relation to the example above, the filter 
22 is isolated by turning the LNA 21 off and is then turned 
into an osciHator by using a compensation circuit (not 
shown). The oscillator 22 is then locked to the receiver's 
reference frequency, provided by the frequency synthe- 
siser 26. using a phase locked loop which comprises the 
oscillator 22, a phase detector 27 and a low pass filter 
26. As described above in relation to the first example, 
once the oscillator has been tuned to the reference fre- 
quency the control signal is sampled and held and the 
compensation circuit is deactivated, turning the oscilla- 
tor 22 back into a correctly tuned bandpass filter. The 
input signal is then restored and the filtered signal mul- 
tiplied with the reference frequency, low pass filtered 
and converted to a digital signal in the analog-to-digital 
convener 25 for further processing by the baseband cir- 
cuitry BB of the direct conversion receiver. The phase 
locked loop can be implemented in the analog or digital 
domain. Where the tuning element is implemented as a 
switched capacitor bank, the frequency drift is very low, 
so that frequency tuning can be performed once only, 
as a calibration step, and the resulting control value 
stored in a look-up table. 

[0026] Referring to Figure 12, an RF receiver chain 
comprises an LNA 31 , a bandpass filter 32, a mixer 33, 
a lowpass filter LPF 34 and an analog-to-digital convert- 
er A/D 35. The mixer receives an input from a frequency 
synthesiser 37. The output of the A/D converter 35 is 
input to a digital signal processor DSP 36, which con- 
trols the LNA 31 , filter 32, LPF 34 and frequency syn- 



thesiser 37. The tuning algorithm is implemented in soft- 
ware. The bandpass filter 32 is again turned into an os- 
cillator and the oscillator frequency is swept over its en- 
tire range. The setting that yields a signal at the output 
5 is stored in a look-up table. This process can be repeat- 
ed until the entire frequency range of the bandpass filter 
is recorded. 

[0027] While normal filter operation cannot be carried 
out while the filter is being tuned, in the majority of cases 

10 this is not a problem. In particular, the filter can be cali- 
brated as a one-off procedure the first time it is turned 
on. For example, referringto Figure 1 3, a programmable 
filter according to the invention has a memory 40 for pre- 
storing a digital word 41a - n for each of the desired fre- 

15 quencies, so that when it is switched on, the word cor- 
responding to the desired frequency is applied to a dig- 
ital to analog converter 42 that provides a tuning signal 
to the filter 43. This leads to a fast programmable filter. 
[0028] Furthermore, in most high performance com- 

20 munication systems, some kind of time-division multi- 
plexing and/or frequency hopping is employed, so that 
continuous filter operation is not required. Such systems 
would allow a filter to be tuned, for example, every mil- 
lisecond. Most systems also use error correction and 

25 are therefore robust to very short periods of time without 
signal, during which time the filter can be fine tuned. 



Claims 

30 

1 . A method of tuning a filter, the filter being associated 
with a center frequency, comprising the steps of: 

configuring said filter as an oscillator; 
35 tuning said oscillator to a desired frequency; 

and 

reconfiguring said oscillator to operate as said 
filter with said desired frequency as said center 
frequency. 

40 

2. A method of tuning a filter according to claim 1 , 
wherein said step of configuring said filter as an os- 
cillator comprises compensating for losses in the fil- 
ter. 

45 

3. A method of tuning a filter according to claim 1, 
wherein the filter comprises a bandpass filter. 

4. A method of tuning a filter according to claim 1 , 
50 wherein the filter comprises a notch filter. 

5. A method of tuning a filter according to claim 1 , 
wherein the step of tuning said oscillator comprises 
providing a tuning signal. 

55 

6. A method according to claim 5, further comprising 
the step of recording the tuning signal which causes 
said oscillator to operate at the desired frequency. 
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7. A method according to claim 6, wherein the step of 
recording the tuning signal comprises sampling and 
holding the tuning signal. 

8. A method according to claim 7, further comprising 
storing the sampled signal in a register. 

9. A methoc^gprding to claim 1 , wherein the filter cir- 
cuit iricfufllpi tank circuit and the step of tuning the 
oscillator comprises tuning the resonant frequency 
of the tank. 

10. A tunable filter, comprising: 



configuring the filter as an oscillator; and 
tuning at least one of said reactive components 
while the filter is configured as said oscillator. 

5 18. A programmable filter comprising: 

a filter circuit; 

a compensation circuit; and 

a memory for storing at least one digital word; 

10 

wherein the compensation circuit is operable 
to configure said filter circuit as an oscillator, where- 
by to permit said oscillator to be tuned to at least 
one desired frequency in accordance with a tuning 
is signal, said tuning signal being derived from said at 
least one digital word, said compensation circuit fur- 
ther being operable to reconfigure said oscillator to 
operate as said filter after tuning. 



a filter circuit having a center frequency; and 
a configuration circuit operable to configure 
said filter circuit as an oscillator, whereby to 
permit said oscillator to be tuned to a desired 
frequency, said configuration circuit further be- 
ing operable to reconfigure said oscillator to op- 
erate as said filter with said desired frequency 
as said center frequency. 

11. A tunable filter according to claim 10, wherein the 
filter circuit is subject to energy losses, wherein the 
configuration circuit comprises a compensation cir- 
cuit operable to compensate for said losses. 

12. A tunable filter according to claim 11 , wherein said 
losses are due to parasitic resistance, the compen- 
sation circuit being operable to provide a negative 
resistance to compensate for the parasitic resist- 
ance. 



20 19. A programmable filter according to claim 1 8, further 
comprising a digital to analog converter for receiv- 
ing said at least one digital word and providing said 
tuning signal. 

25 20. A programmable filter according to claim 1 8, where- 
in the filter comprises a bandpass filter. 

21 . A programmable filter according to claim 20, where- 
in the memory includes a plurality of digital words, 
30 each word corresponding to a tuning signal which 
represents a desired center frequency for the filter. 



30 



13. A tunable filter according to claim 10, wherein the 35 
filter circuit comprises a tank circuit. 

14. A tunable filter according to claim 10, wherein the 
filter circuit includes a varactor for tuning the oscil- 
lator. 40 

15. A tunable filter, comprising: 



a filter circuit having a center frequency; and 
means for configuring said filter circuit as an os- 
cillator, whereby to permit said oscillator to be 
tuned to a desired frequency, said means fur- 
ther being operable to reconfigure said oscilla- 
torto operate as said filter with said desired fre- 
quency as said center frequency. 50 

16. A tunable filter according to claim 15, further com- 
prising tuning means fortuning the oscillator. 

17. A method of tuning a filter, said filter comprising re- 55 
active components which determine a resonant fre- 
quency of the filter, said method comprising the 
steps of: 
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